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TRAPPIST-1 hosts seven Earth-sized planets transiting an M8 star (Gillon et al. 2016, 2017). We observed mid-
transit times of each of the inner two planets with the Astrophysical Research Consortium (ARC) 3.5 m Telescope at
Apache Point Observatory (APO) to help constrain the planet masses with transit timing variations (Agol et al. 2005;
Holman & Murray 2005), and we outline a procedure for analyzing transit observations with APO.
We observed one transit each of TRAPPIST-1 b and c with the ARCTIC imager using 4×4 binning and 10 second
exposures in SDSS z′ (Huehnerhoff et al. 2016). Since the star is dim (R = 16.6) and the transit depths are small
(∆F/F ∼ 1%), we develop a technique for removing background fringing, and for computing the transit light curve.
We collected ten night sky flats, rotating and slewing the telescope between exposures, to correct for background
fringing in the SDSS z′-band (Howell 2006). Typically, flat fields are created by taking the median of a number of
exposures of a constant, evenly illuminated field. The sky emission that produces the fringe pattern is variable and
non-monotonic, so we developed a technique for flats.
In the series of i = 1, ..., N flats, the flux of the j
th
pixel, pj,i changes significantly between frames. Occasionally a
star falls on a pixel, making one or two fluxes orders of magnitude brighter than the others. The median of all pixels
in the i
th
frame, mi, produces a light curve, which tracks the variations in flux from the sky emission. We regress pj,i
against mi to match each individual pixel’s light curve, masking 3σ outliers when a star landed within a pixel. We
normalize the matrix of linear regression coefficients by its median to create the flat field.
We correct for the local background measured in circular annuli centered on the stellar centroids using annuli
with radii 10 and 20× larger than each source aperture radius. We normalize the TRAPPIST-1 light curve by a
mean comparison star, which is computed from a linear combination of the following regressors: the fluxes of each
comparison star, the target centroid pixel x and y coordinates, median sky background, air humidity, air pressure, and
airmass. We regress the light curve of TRAPPIST-1 against these time series, and normalize the light curve by the
combination of regressors that minimizes the out-of-transit scatter in the light curve. To avoid overfitting, we used the
principle component analysis (PCA) cross-validation technique of Luger et al. (2016), which reduces the large number
of available regressors to the smallest number of significant principle components necessary to detrend the light curve.
We train the regression on a fraction of the out-of-transit observations while excluding a number of test fluxes. We
choose the number principle components and aperture radius that produce a mean comparison star light curve with
minimal test flux scatter.
We fit the light curve in Figure 1 for the depth and mid-transit time, and fix other parameters to the values of Gillon
et al. (2016), with quadratic limb-darkening (Mandel & Agol 2002). We compute N posterior samples with Markov
Chain Monte Carlo (Foreman-Mackey et al. 2013), and model correlated noise with a Matern 3/2 gaussian process
(Ambikasaran et al. 2014). Chains are “converged” when N > 150τint, where τint is the integrated autocorrelation
length. Analysis software and posterior samples are available online (Morris 2017).
The transit times of TRAPPIST-1 b and c are BJDTDB = 2457580.87634
+0.00034
−0.00034 and 2457558.89477
+0.00080
−0.00085, respec-
tively, which will help constrain the planet masses.
We gratefully acknowledge help from Rodrigo Luger and Dan Foreman-Mackey. Based on observations obtained
with the APO 3.5-meter telescope, which is owned and operated by ARC.
bmmorris@uw.edu
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Figure 1. Transits of TRAPPIST-1.
Software: trappist1 arctic 2016 (Morris 2017), astropy (Astropy Collaboration et al. 2013), photutils
(Bradley et al. 2016), george (Foreman-Mackey 2015), emcee (Foreman-Mackey et al. 2013), astroplan (Morris
et al. 2017)
Facility: APO/ARC 3.5m
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